Abstract: Climate change has caused shifts in seasonal timing of climatic events such as the onset of spring upwelling, which can lead to temporal mismatches between fish spawning and production of zoopklankton prey. Fishing may exacerbate mismatches through age truncation, particularly when offspring survival is dependent on maternal age, but no-take reserves or harvest reductions might buffer this effect. To quantify the potential for management to buffer synergistic interactions between fishing and climate, we developed a dynamic population model of a harvested species where larval survival depended on spring transition timing and maternal age. We applied this model to rockfishes (Sebastes spp.) after verifying empirically that spring transition timing affects their recruitment success. We found that yield and persistence changed more with maternal-agedependent larval provisioning than maternal-age-dependent spawning timing across a range of spring transition timings, especially with environmental stochasticity. Either implementing reserves or reducing fishing can mitigate impacts on larval survival, but reserves convey the added benefit of decreased sensitivity of yield and persistence to fishing. However, reserve buffering effects decreased with the inclusion of environmental stochasticity.
Introduction
One of the many challenges of fisheries management is accounting for how climate variability and long-term change might influence productivity of harvested populations (Ianelli et al. 2011) , which is expected to occur primarily through changes in recruitment success (Ciannelli et al. 2005) . In many fished stocks, recruitment is highly variable on interannual to interdecadal time scales (Hjort 1914; Mueter et al. 2007) , and survival in the early life stages prior to settlement and recruitment may be the critical demographic bottleneck that determines cohort size (e.g., Ralston and Howard 1995) . Furthermore, recruitment variation can cause instability in populations that are heavily fished (Fogarty et al. 1991) .
One mechanism by which climate change affects recruitment is through changes in the timing of seasonal climatic events that promote productivity at lower trophic levels. In particular, the match-mismatch hypothesis (Cushing 1990 ; a special case of the critical period hypothesis (Hjort 1914) ) posits that population persistence critically depends on the extent of temporal overlap (or "matching") between the abundance of fish larvae at the developmental stage when feeding is initiated and the abundance of their food source (zooplankton). The frequency and magnitude of mismatches between offspring production and prey availability depend on among-individual heterogeneity in phenology (the seasonal timing of life-cycle events) (Wright and Trippel 2009 ) and temporal climatic variability (Durant et al. 2007) . Mismatches driven by temporal climatic changes have already been observed as a result of global climate change (e.g., in marine plankton communities; Edwards and Richardson 2004) . Mismatches driven by among-individual heterogeneity are more difficult to detect and can be due to within-population heterogeneity in many traits, although it is most commonly observed in reproductive timing (Reznick and Braun 1987) . Specifically, larger or older mothers sometimes produce offspring earlier in the reproductive season than smaller or younger mothers, presumably because only larger or older females have adequate energetic stores to begin their seasonal reproductive cycles earlier (Reznick et al. 2006) . These biological and climatic drivers of mismatches can interact, as one affects the timing of the environmental change and the other affects the capability of a population to withstand this interannual variability by shaping the distribution of the population's phenology.
By modifying age and size structure, fisheries management policies affect the interaction between biological and climatic drivers of mismatches and therefore the response of populations to climate change. Specifically, the addition of fishing mortality skews the age structure toward younger age classes, an effect that is even stronger when harvest targets large size classes (e.g., Yemane et al. 2008) . Given a relationship between maternal size and reproductive timing, fishing-induced age truncation will cause a shifting or narrowing in the distribution of a population's reproductive season. Harvest reductions and spatial closures are the most viable options for mitigating age truncation, because the effectiveness of size limits is limited in most commercial fisheries by discard mortality and lack of gear selectivity (Berkeley et al. 2004b ). When harvest rates are reduced evenly across a region (as they would be in conventional fishery management) the spawning age structure expands at all locations, whereas when spatial closures like notake marine reserves are implemented, the spawning age structure may expand more drastically, but only within the closed area.
Although some researchers have suggested that reserves can provide a buffer against ecological effects of climate change (Heller and Zavaleta 2009; McLeod et al. 2009 ), whether reserves are an effective tool for fisheries management in a changing climate is an open question. Suggested approaches for reserve management to ameliorate ecological effects of climate change have been primarily qualitative (McLeod et al. 2009 ). A quantitative understanding requires incorporation of temporal environmental variation in recruitment into population models that can compare the effects of conventional fisheries management and reservebased management. The few existing models that have incorporated environmental variation suggest that reserves can reduce variability in population size and fishery yield (Sladek Nowlis and Roberts 1999; Mangel 2000; Grafton et al. 2005) , indicating a potential role for reserves in buffering population responses to climate change.
Coastal upwelling systems, such as the California Current System (CCS), exemplify all the elements that drive the potential sensitivity of populations to climate-induced mismatches. The importance of variability in climatic phenology was illustrated in 2005, when a long delay in the spring transition to upwellingfavorable conditions was the likely cause of large-scale recruitment failures that were observed in many marine species (e.g., Barth et al. 2007 ). Climate models have predicted that such delays in the onset of the productive spring upwelling season will become more prevalent in the CCS (Snyder et al. 2003) ; however, a recent trend toward earlier onset of spring upwelling has been noted in some parts of the region (García-Reyes and Largier 2010). Changes in timing of the onset of upwelling would likely affect fish recruitment, because many species reproduce during late winter and spring, presumably so that their larval phase coincides with upwelling-related food production. Birth date is dependent on maternal age in some fishes of this community (e.g., rockfishes; Sebastes spp.), with older mothers having a greater window of time during which they have the capability to produce offspring than do younger mothers (Bobko and Berkeley 2004; Sogard et al. 2008) . Some of this phenological breadth has likely been eroded because fishing has caused a shift to smaller sizes and younger ages in harvested rockfishes (Berkeley et al. 2004a; O'Farrell and Botsford 2006b ). However, in their model of black rockfish (Sebastes melanops), O'Farrell and Botsford (2006b) found that there would not be a significant change in the population size or fishery yield if the maternal influence on larval provisioning was unaccounted for by managers.
Here we quantify the effect of climate-change-dependent variability in recruitment on population persistence and fisheries yield under different combinations of conventional fisheries management and spatial management using the CCS as a model system. Our approach is to develop trophic-mismatch models that incorporate mismatch-dependent larval survival based on the temporal overlap of seasonal larval fish production and zooplankton production, which begins at onset of spring upwelling. We use this framework to test whether two maternal influences on reproductive phenology, via larval provisioning and via timing of spawning (more specifically parturition or larval release in this particular case study), affect population persistence and fishery yield. We then explore the efficacy of different management approaches for buffering mismatch effects under a range of changes in spring transition timing and we determine whether these outcomes differ when environmental stochasticity is incorporated.
Methods

Study system
Although the modeling framework we develop here could apply to any system in which there is a critical phase of early life during which survival depends on the coincidence of multiple events, we chose to focus on coastal upwelling systems, using the CCS as a case study. Coastal upwelling systems such as the CCS are found on the eastern boundary of all four major ocean basins, where the seasonal upwelling of cold, nutrient-rich water drives primary productivity (Bakun 1996) . Within the CCS, we focused on mismatches between organismal and climatic phenology that arise from interannual variability in the timing of the upwelling season and demographic heterogeneity in the timing of offspring production. We used rockfishes as a model taxon to exemplify the phenological component of the process, because researchers have observed maternal-phenotype-dependent offspring traits in this group, including earlier parturition dates (Bobko and Berkeley 2004; Sogard et al. 2008 ) and larger larval size or larval energy reserve with greater maternal size or age (Berkeley et al. 2004a ).
Empirical verification of critical timing assumption
To test our assumption that rockfish recruitment is dependent on the timing of spring transition, we performed an original analysis of SCUBA visual surveys of rockfish recruit density conducted over 19 years (data courtesy of Tom Laidig, NOAA Fisheries; for detailed sampling methods see Laidig et al. 2007 ). We tested for correlations between mean rockfish recruit density at a given location and the Logerwell et al. (2003) index of spring transition date.
Model overview
We developed a single-species, discrete-time, age-structured model with density-dependent recruitment. We represented spatial variability in fishing by including two discrete patches; one patch was open to fishing, and the other was protected by a marine reserve. We assumed that larvae produced in each patch became well-mixed in the plankton and were redistributed between the patches proportionally to relative patch area (i.e., larval-pool dispersal; Roughgarden and Iwasa 1986) . We assumed that there was no adult movement between reserve and unprotected areas. When the area of the reserve patch was zero, the model reduced to a nonspatial model representing conventional fisheries management alone (i.e., there was no longer any spatial heterogeneity in fishing and hence only one patch type).
We incorporated maternal-age-dependent offspring traits in terms of both the larval energy reserve and parturition timing (Figs. 1b-1d ). As maternal age increased, parturition (larval release) occurred earlier, and the time to starvation of larvae in the absence of food increased as would be expected from greater oil globule energy reserve provisioning. Larval survival depended on the extent of mismatch between zooplankton production over time during the first major upwelling event and the time from birth through the time when maternally provisioned oil globule energy reserves are completely absorbed (Fig. 1d) . Survival from settlement to recruitment was density dependent, represented by scramble competition for shelter on the reef. Once individuals recruited, they experienced constant natural mortality, and for ages greater than the age at entry to the fishery they also experienced fishing mortality. We used this modeling framework to quantify the extent to which mismatches caused by changes in seasonal timing of upwelling can alter the magnitude of fishing mortality that the population can withstand. To determine how each management approach affects persistence and fishery yield in the face of climate change we compared these results between scenarios of nonspatial conventional fisheries management with a constant effort harvest policy and spatial management with reserves and a constant harvest policy in unprotected zones.
Model details
Recruitment depended on the number of competent larvae arriving in a patch and density dependence at the settlement site. We quantified the larvae surviving to the moment just before settlement in patch i at time t (B t,i ) as the product of the agedependent fecundity (b a ), the number of individuals at age a (n a,t,i ), survival of larvae produced by age a mothers (l a,t ), and the proportion of habitat within each patch (P i ; given our assumption of a well-mixed larval pool) summed over age from maturity (ā) to the maximum age (A) and across both patches:
(1)
Larval survival (l a,t ) depended on maternal age and the timing of the first peak in zooplankton production resulting from the onset of the upwelling season in year t (t Z (t)) ( Table 1) . Fecundity (b a ) increased with maternal age (a) given von Bertalanffy growth for increasing length with age, a power function between mass and length, and fecundity proportional to mass ( Table 1 ). The timing of parturition in a given year (r a,t ) was a step function, dependent on age, with early parturition for ages above a threshold, a old (Table 1; in this base case r a,t was equal to the midpoints of distributions in Fig. 1c) . The duration that larvae can survive without food (d a ) increased with age as a negative exponential ( Fig. 1b; Table 1 ). The instantaneous mortality rate in the absence of food was M nf (a) = −log(0.5)/d a (derived from d a by assuming an exponential decay; O'Farrell and Botsford 2006a). We then determined early larval survival by the extent of overlap between zooplankton production over time during the first major upwelling event in year t (defined within each year by a normal distribution with mean t Z (t) and variance z 2 ) and the transition to exogenous feeding of larvae from mothers of age a (the interval from r a,t to r a,t + d A , where A is the maximum age and d A is the maximum duration a larva can survive without consuming prey). Finally, we defined the complete larval survival up to the point prior to settlement as the product of the timing-independent discrete survival probability (S 0 ) and the mismatch term describing early larval survival:
See Appendix A for the detailed derivation of eq. 2. Combining all of these elements, B t,i is the number of competent larvae arriving in each patch i at time t. Surviving larvae experienced density-dependent survival at settlement according to a Beverton-Holt stock-recruitment function. Thus, we defined recruitment (R t,i ) as
where ␣ is the inverse of the slope of the stock-recruitment function near the origin (critical replacement threshold), and the asymptotic maximum number of recruits is ␣/␤ i , a function of the proportion of habitat within each patch (P i ):
The remaining numbers of individuals at age a > 0 were simply reduced at each time step by constant fishing mortality (F a,i ) and natural mortality M. Therefore, the full model is
where fishery selectivity was a knife-edged function. Fishing mortality at a rate F was experienced by individuals in the harvested patch (i = 1) after they reached the age at recruitment to the fishery (a rec ):
F, a ≥ a rec and i ϭ 1
0, otherwise
We compared two cases of how reserve implementation affects F in the unprotected patch; the case of constant harvest rate, where F did not change with reserve coverage, and the case of compensatory harvest, where F increased proportionally to reserve coverage.
Fig. 1.
Model structure diagram (a) demonstrating how adults, from age at maturity (ā) to the maximum age (A), produce larvae whose traits depend on maternal age. Maternal influences are included by specifying that older mothers (grey lines) produce larvae that can resist starvation longer than younger mothers (black lines) (b) and that older mothers can release their batch of larvae earlier in the reproductive season (c). The maternal influence on parturition timing affects the amount of food available to larvae, based on the similarity of birth timing, r a,t , to the timing of spring transition and subsequent peak in zooplankton production, t Z (d). The maternal influence on provisioning, d a , determines the daily larval mortality rate in the absence of zooplankton, thus larval survival (e, f) is a function (described in eq. 2) of the amount of matching between the abundance of zooplankton prey and the period from day of parturition through the early larval phase (illustrated by the shaded region in panel d). Larval survival is also influenced by interannual variability in t Z within the stochastic model (g, h) . Panels with dashed lines (b, e, g) show the influence of maternal-age-dependent effects on larval provisioning, while those with dashed-dot lines (c, f, h) represent results with maternal-age-dependent effects on birthdate phenology. In the lower box (e-f), the effect of the labeled maternal influence on larval survival is isolated by removing the alternative maternal influence (e.g., in panel e, r a,t is a constant that is equivalent for mothers of all ages). The vertical grey line indicates the current mean date of maximum zooplankton production, reflecting the general timing of parturition that would result in the least mismatch; thus, climate-induced mismatches increase from this point in both directions along the horizontal axis. Parameter values are as in Table 1 .
Analysis
To quantify the potential for different management approaches to buffer climatic mismatches, we evaluated and compared (i) metrics of both persistence and yield, (ii) changing harvest rate or implementing reserves, (iii) including or excluding each of the two maternal-age-dependent larval traits, and (iv) deterministic or stochastic spring transition and parturition timing. For the deterministic model, representative of a relatively constant environment, we evaluated persistence and yield under different values of constant spring transition and parturition timing. In comparison, the stochastic model accounts for interannual variation in spring transition and parturition timing. For stochastic parturition timing, we drew independent values of parturition dates from a uniform distribution over a different range for younger and older mothers (a broader, earlier range for mothers with age a ≥ a old than for mothers with a < a old ; Table 1 ). For stochastic spring transition timing, in each time step we drew independent values of peak zooplankton production (t Z ) from a normal distribution parameterized by the mean ( t Z ) and variability ( t Z ) in spring transition date observed over the past 47 years (i.e., a hyperdistribution; Table 1 ).
In the deterministic model, we analytically explored the nonspatial case to inform general expectations for model behavior in the numerical simulations. Specifically, we derived the local stability criterion for the zero equilibrium, which determines whether the population will grow at low abundance and therefore persist. This provided intuition for interpreting numerical results by formally describing how population persistence becomes more likely with decreasing critical replacement threshold (␣ −1 ), decreasing mortality (M or F), increasing fecundity (b a ), and increasing match-dependent larval survival (l a ). For the numerical analyses, we chose parameter values from the spring-spawning gopher rockfish (Sebastes carnatus), because this species has more species-specific life history data available than does the similar copper rockfish (Sebastes caurinus), the species for which we verified the relationship between recruitment and spring transition date (see the section entitled "Empirical verification of critical timing assumption"). For parameters in which specific estimates for S. carnatus were not available, we used estimates from other rockfish species with similar life histories ( One primary persistence metric was F persist , the maximum F that the population could withstand over the long term, evaluated at each extent of mismatch (different values of the timing of peak zooplankton production, t Z ). In the deterministic model only two long-term behaviors were possible: approaching a positive equilibrium abundance or zero (the initial population size was well below equilibrium at nearly 15 000 individuals, with numbers at age distributed approximately exponentially with some noise). Therefore, F persist was taken as the greatest F that resulted in an increase toward a positive equilibrium. To determine F persist for each patch in the stochastic model, we calculated the stochastic growth rate (Tuljapurkar 1997; Caswell 2001) 
after T = 5000 time steps and checked for convergence. This fairly long time horizon ensured that the results reflect quasi-equilibrium conditions rather than initial-condition-dependent transients and allowed a precise estimate of the stochastic growth rate. We then defined F persist as the greatest value of F that resulted in a positive stochastic growth rate. We calculated F persist across a range of values for mean date of peak zooplankton production ( t Z ) to represent possible climate change scenarios. In all scenarios, the 
Years −0.05 *Calculated from size at maturity using von Bertalanffy length-at-age relationship.
timing of parturition r a,t was independent of the timing of zooplankton production (i.e., we assumed that the phenology does not track climate). While it is a given that F persist will increase with reserve establishment and size owing to protected biomass in reserves, our question concerning the potential for reserves to act as a buffer against climate change effects is how the sensitivity of F persist to the extent of climate-driven mismatch and maternal influences depends on the presence of reserves. For our yield metric, we use the annual harvested biomass at equilibrium for a given constant fishing mortality rate to ensure comparability of results across scenarios. We calculated equilibrium yield as the product of the age-dependent mean fish mass (m a ) and the number of harvested individuals at each age, summed over all individuals vulnerable to harvest (those of age a ≥ a rec in patch i = 1) at time T:
For the stochastic model, we calculated the mean yield at quasi-equilibrium from 100 realizations of each scenario. Variance among realizations was extremely small and thus is not reported.
While F persist and annual harvested biomass metrics allow separate investigation into each of persistence and yield, in reality the two interact (see Fig. S1 1 for an example of how our yield and persistence metrics are related). To more thoroughly explore the relationship between persistence and yield, we simultaneously computed the equilibrium yield and the corresponding maximum additional larval mortality the population could withstand over the long term (l persist ) for a range of values for F. We calculated l persist as the maximum larval mortality (expressed as a proportional increase above a baseline larval mortality rate) that resulted in a population trajectory increasing toward a positive equilibrium abundance, given a particular value of F. Therefore, l persist provides an implicit metric of mismatch that a population can withstand, as compared with the more mechanistic representation in our calculations of F persist and yield for a given F. Given that l persist is an implicit function of the timing of parturition and the timing of maximum zooplankton production, we simplified our analysis of this metric by focusing on only one deterministic set of the two timing parameters as an example.
To evaluate the effect of incorporating maternal-age-dependent larval traits, we first compared computed values of larval survival between old and young mothers at different values of the timing of maximum zooplankton production. Then we made this same comparison across the two maternal-age-dependent traits: the effect on provisioning (e.g., via modification of the oil globule size) and the effect on parturition timing. Carrying these effects through to the context of the complete life cycle, we compared the values of F persist and yield resulting from (i) a full model with both maternal-age-dependent traits to (ii) a model with only maternal influences on parturition timing, (iii) a model with only maternal influences on larval provisioning, and (iv) a model without any maternal influences (i.e., parturition timing and larval provisioning both constant across maternal ages). In the latter case we assumed that the entire observed range of parturition dates is representative of all mothers and specified that the time to starvation of larvae from mothers of all ages is the geometric mean of the observed relationship between larval mortality and maternal age (Table 1) . To obtain robust general insights, we focus on quantitative relative differences in F persist and yield among alternative representations of maternal influences or management regimes in addition to qualitative differences between the deterministic and stochastic models. The scales of the deterministic and stochastic models differ inherently, and thus the absolute differences of their results are not appropriate to compare.
We performed a sensitivity analysis to identify which factors most influence the magnitude of the effect of mismatches on persistence. We explored sensitivity to one management parameter and four biological parameters that we either expected to significantly influence population growth rate or have large uncertainty in estimation: age at entry to the fishery (a rec ), the age threshold that divides the two parturition date distributions (a old ), the von Bertalanffy growth coefficient (k), natural mortality rate (M), and the exponent of the length-fecundity relationship (c). Of these, the parameters with the greatest influence on F persist were a rec (Figs. S2a, S2b) 1 , M (Figs. S2g, S2h) 1 , and c. Overall, the qualitative trends we focus on here are consistent across parameter values, and the sensitivity analysis simply indicates which parameters are most important for precise quantitative predictions.
Results
Empirical verification of critical timing assumption
Rockfish recruitment was consistently correlated with spring transition date across species and sites off the coast of the Mendocino region of northern California. Some of the stronger relationships we found were for yellowtail rockfish (Sebastes flavidus) and copper rockfish (S. caurinus) (Fig. 2) : recruit density and spring transition were negatively correlated for the winter-spawning S. flavidus (r p = −0.79; P < 0.001) and positively correlated for the spring-spawning S. caurinus (r p = 0.75; P = 0.005). The latter species is most representative of our model species S. carnatus in terms of life history. This corroborated our assumption that the timing of the spring transition substantially affects rockfish recruitment.
Influence of maternal age on response of larval survival to climate change
The relationship between maternal age and larval survival depended on the type of maternal-age-dependent larval trait considered and whether the processes leading to mismatches were deterministic or stochastic (Figs. 1e-1h ). For the maternal influence on provisioning, larval survival was always greater for the offspring of older mothers, regardless of the state of the climate or deterministic versus stochastic implementation (Figs. 1e, 1g ). For the maternal influence on parturition timing, the larvae of older mothers survived at a higher rate than those of younger mothers under only approximately half of the range of climatic conditions (Figs. 1f, 1h) . In deterministic simulations, older mothers outperformed younger mothers for earlier spring transitions and vice versa for later spring transitions; in stochastic simulations, older mothers had a flatter distribution such that they outperformed younger mothers at extreme early and late spring transitions, but larvae from younger mothers performed better at intermediate spring transitions (compare Figs. 1e, 1f with 1g, 1h) .
Roles of fishing and climate change in affecting persistence and yield
The amount that reduced survival due to increased fishing or increased mismatches reduced the persistence threshold depended on whether the timing of the spring transition and parturition was deterministic or stochastic (Fig. 3) . Specifically, compared with deterministic simulations, environmental stochasticity resulted in less sensitivity to mismatches, which produced a broader peak in the relationship between expected mismatch extent and F persist (Fig. 3, compare panel a with panel b) in addition to yield (Fig. 4) . The maximum F persist and yield values occurred under conditions wherein the timing of zooplankton production was slightly later than the current climate phenology, an unexpected result given that the midpoint of the parturition date for older mothers was estimated empirically to be nearly equivalent to the mean timing of maximum production in the current climate state. The timing of zooplankton production where the maximum F persist occurs is closer to the midpoint of the parturition date for younger mothers. Thus, the current optimal zooplankton production timing could be later than the historical, unfished optimum owing to age truncation causing an increase in the proportion of total reproductive output from younger mothers.
Influence of including maternal-age-dependent traits in assessment of persistence and yield
Incorporation of maternal-age-dependent larval traits typically reduced persistence and yield (Figs. 3 and 4 , compare four line types). The decrease in F persist and yield when including both phenology and provisioning maternal influences occurred for later mismatches in the deterministic model (with a slight increase for early mismatches) and for both earlier and later mismatches in the stochastic model, with a greater and more consistent effect overall in the stochastic model (Figs. 3, 4) . In the deterministic model the effect of maternal influences on yield is dependent on the type of mismatch (early versus late) because the presence of the timing maternal influence increases (decreases) larval survival when the timing of zooplankton production is early (late) (Fig. 1f) . Of the two maternal-age-dependent traits, provisioning drove most of the decrease in F persist and yield in the stochastic model (Figs. 3b, 4c, 4d) . While the two maternal influences had clear 3 . Maximum fishing mortality for persistence (F persist ) given different extents of mismatches arising from climate change. The vertical grey lines indicate the current mean date of maximum zooplankton production, reflecting the general timing of parturition that would result in the least mismatch for older mothers; thus, climate-induced mismatches increase from this point in both directions along the horizontal axis. The solid black lines represent runs with maternal-age-dependent provisioning and phenology, the dotted lines represent runs without any maternal-age-dependent traits, dashed-dot lines represent runs with maternal-age-dependent effects on phenology only, and dashed lines represent runs with maternal-age-dependent effects on provisioning only. Parameter values are as in Table 1. additive effects in the stochastic model, some synergistic effects were apparent in the deterministic model (Figs. 3a, 4a, 4b ). Most notably, F persist was substantially lower when both maternal influences were included than would be expected by examining the individual effects of each maternal influence on F persist (Fig. 3a) . Increasing fishing intensity narrowed the relationship between yield and spring transition timing across all simulations and decreased peak yield for stochastic simulations, especially with provisioning or both maternal influences (Fig. 4, compare columns) . In other words, including maternal influences increased the sensitivity of yield to changes in fishing mortality and spring transition timing.
Effect of reserves on persistence and yield
How the increase in persistence with the inclusion of reserves depended on maternal influences changed with both the direction of mismatch and whether timing events were deterministic or stochastic (comparing F persist as the values of F where equilibrium yields fall to zero in panels of Fig. 5 ). In the deterministic model, the difference in F persist between reserve and conventional management was greater with maternal influences than without them in the current climate state with little mismatch, yet the relationship was reversed at mismatches resulting from a delay in spring productivity (compare Figs. 5c with 5e ). This change in the effect of maternal influences on yield is due to the provisioning Fig. 4 . Fishery yield given different extents of mismatches arising from climate change. The vertical grey lines indicate the current mean date of maximum zooplankton production. Black lines of all styles show yields that result from fishing at two arbitrary low (a, c) and high (b, d) rates. The solid lines represent runs with maternal-age-dependent provisioning and phenology, the dotted lines represent runs without any maternal-age-dependent traits, dashed-dot lines represent runs with maternal-age-dependent effects on phenology only, and dashed lines represent runs with maternal-age-dependent effects on provisioning only. Rows correspond to deterministic (a, b) and stochastic (c, d) model outcomes. Note that x-axis scales differ among panels to emphasize within-panel relationships. Fishing mortality rates were (a) F ϭ 0.1025, (b) F ϭ 0.205, (c) F ϭ 0.015, (d) F ϭ 0.030. Different values of F were used because the persistence threshold was lower in stochastic implementations than for deterministic implementations. All other parameter values are as in Table 1 .
Fig. 5.
Comparison of yield as a function of fishing mortality rate, F, between conventional fishery management and reserve management (at 20% coverage) in cases with and without maternal influences for three climate states reflecting the timing of maximum zooplankton production: (a, b) earlier timing (t Z = 77), (c, d) no change in timing (t Z = 107), and (e, f) later timing (t Z = 137). Results of deterministic simulations are in the left column and stochastic simulations in the right column. Note that x-axis scales differ among panels to emphasize within-panel relationships and reflecting differences in F persist among climate states. Parameter values are as in Table 1. maternal influence (Fig. 1f) . In the stochastic model, the relative increases in persistence with reserve implementation were minor and did not differ between scenarios with or without maternal influences included across a range of mismatches (Figs. 5b, 5d, 5f ; notice little difference in the descending slopes of yield curves or F persist values between cases of reserve and conventional management across scenarios with and without maternal influences). The greater effect of maternal influences on persistence in reserve management compared with conventional management in the deterministic versus stochastic model held across different values for reserve coverage (Fig. S3 1 ) . The significant buffering effect of reserves on persistence that occurred across reserve coverage values in the deterministic model (Figs. S3a, S4) 1 did not occur until high reserve coverage in the stochastic model (ϳ40%; Figs. S3b, S5) 1 .
Compared with conventional management alone, incorporating reserves generally led to decreased yield at low exploitation rates but equivalent or increased yield at high exploitation rates (compare line shadings in Figs. 5, 6a) , where the range of increased yield was greater in the deterministic than in the stochastic model (Fig. 5) . Maternal influences did not affect the relative performance of reserves and conventional management but did affect the absolute yield. In the stochastic model, yield was consistently greater without maternal influences than with maternal influences across a range of climate shifts (Fig. 5, right column) . In the deterministic model, yield also decreased with the inclusion of maternal influences for later spring transitions (Fig. 5e) ; however, yield typically increased with the inclusion of maternal influences for earlier spring transitions (Fig. 5a ) and under the current climate state in which there is little mismatch (Fig. 5c ). All the above comparative outcomes generally held across a range of values for reserve coverage (Figs. S4, S5 ) 1 and with fishing rate (F) increasing proportionally with reserve coverage (Fig. S6 1 , as compared with the harvest outside reserves unchanged with reserve establishment in Fig. 5 ).
The qualitative form of the relationship between yield and l persist (tolerable additional larval mortality) was consistent across management techniques, with only small differences in yield between conventional fishery management and reserve management (Fig. 6a) ; note that the effort necessary to achieve analogous yields did vary between reserves and conventional management. However, reserve management resulted in much greater values of l persist for a given value of F (compare symbols in Fig. 6 ) and less sensitivity of yield to variation in F compared with that in conventional fishery management (compare line shades in Fig. 7 ). Therefore, reserves can provide a buffer against population depletion from overfishing and climatic mismatches (or any other mechanism causing deterministic reductions in larval survival) by decreasing the sensitivity of populations to fishing intensity. Including maternal influences increased the sensitivity of yield to F, with a larger effect of maternal influences under conventional management than with reserves (compare line types of each shade in Fig. 7 ).
Discussion
We found that mismatches driven by climate change can reduce population persistence and fishery yield and that these effects are exacerbated when maternal influences on larval provisioning are present (Figs. 3, 4) . Implementation of reserves and reduction of total fishing mortality via conventional management had qualitatively analogous effects on improving persistence under mismatches (Fig. 5) . However, our results suggest that yield is less sensitive to fishing mortality when reserves were implemented (Figs. 5, 6) ; thus reserves can provide a buffer against uncertainties in management (lack of knowledge about maternal Fig. 6 . Comparison of tradeoffs in fishery and conservation benefits between conventional fishery management and reserve management. Relationship between yield and the maximum additional larval mortality the population can withstand l persist (expressed as a proportional increase relative to the baseline larval mortality), with fishing mortality rate, F, increasing along the curves from the top left to bottom left as indicated by the symbols. Results are from the deterministic model with maternal influences on larval provisioning and under environmental conditions approximating the timing of maximum zooplankton production in the current climate state (t Z = 107). All other parameter values are as in Table 1 . Fig. 7 . Sensitivity of equilibrium yield, Y, to fishing mortality rate, F, resulting from conventional or reserve management, with or without maternal influences, across the range of F that produces sustainable yield for each case (i.e., values are truncated at F ϭ F persist ). Greater departures from zero in both the positive and negative directions indicate greater sensitivity. Results are from the deterministic model with maternal influences on larval provisioning and under environmental conditions approximating the timing of maximum zooplankton production in the current climate state (t Z = 107). All other parameter values are as in Table 1. influences and imprecise control of fishing mortality) and some forms of climate change (increases in larval mortality due to environmental change). Whether this buffering benefit with reserve establishment incurs a cost in yield depends on harvest rate, mismatch extent, and whether maternal influences are present (Figs. 5, 6 ).
We expected part of the buffering from reserve establishment to occur through the protection of older females with age-dependent larval provisioning and parturition timing. While such maternal influences did affect persistence and yield metrics, they did not affect the amount of buffering from reserves in most cases (Fig. 5) . In addition, the inclusion of environmental stochasticity in timing events led to a greater and more consistent decline in persistence and yield with maternal influences (especially with respect to larval provisioning as compared with parturition timing; Figs. 3, 4) , but it also reduced the buffering effect of reserves (Fig. 5) . In other words, the conditions necessary for a strong, consistent role for maternal influences (environmental stochasticity) also decreased the impact of reserves. Therefore, provisioning maternal influences increase in importance to management with the inclusion of stochasticity, while the capacity for reserves to buffer against climate change effects is more relevant to large directional shifts in mean timing of zooplankton production outside the range of natural environmental variability (as exemplified within the deterministic results). We discuss the roles of maternal influences and environmental stochasticity in more detail below.
Role of environmental stochasticity
Recruitment variability can quantitatively change management predictions such as persistence across a wider range of mismatches under the stochastic versus deterministic simulations here (Fig. 3) . Although it has been known for nearly a century that recruitment variability is a dominant factor influencing the dynamics of fish populations (Hjort 1914) , this source of environmental variability has rarely been incorporated into marine reserve models. Grafton et al. (2005) demonstrated that reserves can decrease population recovery times from abrupt stock reductions caused by environmental events or anthropogenic actions, reflecting a benefit to persistence probability in the face of rapid change. Earlier implementations demonstrated that interannual catch variability caused by recruitment variability could be dampened only with very extensive reserve coverage (Sladek Nowlis and Roberts 1999; Mangel 2000) , and that this environmental variation makes it difficult to determine whether there was a significant change in the risk of overfishing with anything less than an extreme difference in reserve coverage (Mangel 2000) . We also identified that the buffering effect of reserves was weakened by environmental stochasticity (Fig. 5) . We hypothesize that the buffering effect of reserves is eroded by environmental stochasticity, because under these conditions there is always a chance that mismatches can cause severe recruitment failures, regardless of whether a subset of older individuals is protected within reserves.
Although environmental stochasticity weakened the effect of reserves, it strengthened the effect of maternal influences across a broad range of mismatches (Figs. 3, 4) . The strengthening of the role of maternal influences may occur because incorporating environmental stochasticity generates a more consistent difference between the expected survival of larvae from older and younger mothers across mean environmental conditions (Figs. 1e, 1g ). With environmental stochasticity there is also a reasonably high potential for young mothers with low provisioning to have nearly zero recruitment in extreme environments (Fig. 1g) . Why environmental stochasticity leads to a decreased impact of reserves and an increased impact of maternal influences is likely related to the interplay between the mean response (a more consistent difference between mean larval survival in older and younger mothers) and the variance (complete recruitment failures are only possible in the stochastic model, because larval survival is always substantially greater than zero in the deterministic model). We hypothesize that the frequency and magnitude of recruitment failures generated by the stochastic model are great enough to disrupt the potential for maternal influences to strengthen the buffering role of reserves.
The role of maternal influences
The merits of explicitly accounting for maternal-age-dependent reproductive traits in management are still mired in debate within the literature (Edwards and Plagányi 2011 and references therein) . Indeed, the effects of climate and maternal influences may be already integrated implicitly into assessments of stock productivity when such assessments are informed by recruitment surveys that encompass periods of low adult biomass (Spencer et al. 2014) . Explicit inclusion of maternal influences on larval survival does affect estimates of fisheries target (Spencer et al. 2007 ) and limit (Murawski et al. 2001 ) reference points. Our results support the finding of Spencer et al. (2014) that biological reference points associated with persistence thresholds (e.g., F persist ) are more influenced by the presence or absence of maternal influences than are traditional target reference points (e.g., maximum sustainable yield).
Context dependency of the population-level significance of maternal influences appears in both the theoretical and empirical literature. Empirically, significant effects of maternal age structure on observed recruitment dynamics have been demonstrated for several populations of cod (Scott et al. 1999; Vallin and Nissling 2000; Shelton et al. 2012) ; however, these effects are not universal among cod populations (Morgan et al. 2007 ) and are notably absent for Atlantic flatfishes (Morgan et al. 2011) . Theory has also provided mixed support for the idea that protecting older individuals provides additional benefits to fisheries beyond the effect of size or age on fecundity. For example, O'Farrell and Botsford (2006a) demonstrated that the maternal influence of larval provisioning on larval survival in black rockfish (Sebastes melanops) observed in the laboratory by Bobko and Berkeley (2004) and Berkeley et al. (2004a) had relatively little impact on conventionally managed populations in many conditions, but this conclusion depended on this species' particular maturity schedule and age range of the maternal influence. The age range over which the maternal influence was observed was quite narrow, thus only a small proportion of mothers were mature at ages during which they were predicted to produce larvae with lower provisions. Spencer et al. (2014) found that such maternal influences had a greater effect on estimated fishery reference points of shorterlived species (contrasting Pacific cod, Gadus macrocephalus, and Pacific ocean perch, Sebastes alutus). The longevity of our focal species falls between that of G. macrocephalus and the two rockfishes, meaning that the results are somewhat -yet inconclusivelyconsistent with the interpretation that maternal influences have a larger effect for shorter-lived species. More significantly, neither O'Farrell and Botsford (2006a) nor Spencer et al. (2014) directly compared deterministic results to those with environmental stochasticity as we have done here, although the latter study did show that the effect of maternal influences was greater when the environment was more predictable (autocorrelated in time). We found that maternal influences had greater and more consistent impacts on persistence and yield when interannual variability was present, thus the lack of this reality from some previous models may have led to disagreement among studies with respect to the population consequences of maternal influences.
Among traits that depend on maternal age, maternal influences on larval provisioning had a greater effect than those on parturition timing in terms of both the persistence threshold and sensitivity of fishery yield to the magnitude of fishing mortality (Figs. 3,  4) . The reason for this greater effect of larval provisioning is likely because increased provisioning increases larval survival in all cli-mate conditions, whereas earlier parturition timing with age may increase or decrease larval survival depending on the climatic state (compare panels e, g with f, h in Fig. 1 ). The lesser impact of timing maternal influences on persistence and yield might be due in part to our specific assumptions regarding the distribution of parturition dates and the lack of carryover effects beyond the early larval stage (we discuss these possibilities in more detail in the next section, "Evaluation of model assumptions").
Evaluation of model assumptions
For ease of interpretation, we sought to construct the simplest possible model that tests the effect of reserves and harvest reductions on population response to climate change. Thus we needed to make several simplifying assumptions. In particular, we assumed sedentary adults and complete larval mixing in the plankton with evenly redistributed settlement. In reality, adults have movement around home ranges (Jorgensen et al. 2006) , and larvae have limited regional dispersal (Buonaccorsi et al. 2004 ) for species such as our model organism. Representing spatial arrangement explicitly and incorporating more realistic larval dispersal and adult movement could either decrease yield and increase F persist because of increased larval retention or it could have the opposite effect because of increasing adult spillover (Moffitt et al. 2009 ).
In addition, we assumed that larval traits only affected survival during the early planktonic life stage without considering potential carryover effects (i.e., events that may influence fitness during a later life stage). Including additional processes that occur during settlement, recruitment, and throughout the life cycle may explain why older individuals sometimes release their larvae much earlier in the season than the mean timing of maximum production. For example, there is strong empirical evidence that priority effects in settlement can cause shifts in dominant cover of sessile invertebrates on rocky substrates (Connell 1961) , and this may be the case for reef fishes as well (Shulman et al. 1983; Almany 2003) . Including such factors can cause changes in the optimal timing of reproduction (Jonzén et al. 2007 ). Carryover effects initiated by early birth and settlement could increase the importance of maternal influences on parturition timing in our model.
We assumed that there was no change in parturition timing in response to climate change, given that there are no known cues that rockfish could use to anticipate the timing of the spring transition. However, it is certainly possible that adaptive changes through evolution or plasticity could lead to phenological tracking, which would decrease the reported impact of mismatches on population dynamics if populations respond with the correct sign to the correct cues. Although it is now clear that many marine and terrestrial populations are shifting their phenology in response to cues that are affected by climate change (Parmesan and Yohe 2003; Poloczanska et al. 2013) , the magnitude of these shifts varies across broad taxonomic groups and it is not yet understood whether these changes are adaptive on average. Empirical investigation of the cues affecting timing of ovarian recrudescence and the heritability of this timing trait are critical to constructing future modeling efforts that incorporate adaptive potential. We expect that a response in organismal phenology to a changing mean environmental state (as might occur through evolution) is unlikely to affect our conclusions given that persistence and yield were affected little by the inclusion of the maternal influence on parturition timing; however, a response that varies interannually (as might occur through plasticity) may change how a population experiences environmental stochasticity, which could have a large impact on our conclusions given the differences observed between our deterministic and stochastic results.
We assumed that the primary benefit to fisheries could be measured by yield, not profit. Considering economic factors such as the cost of fishing can broaden the set of conditions for which implementation of reserves increases profits over conventional fishery management alone (Sanchirico et al. 2006) . Similarly, consideration of economic factors would likely strengthen the evidence for the conservation benefits of reserves. For example, with reserves in place, a real fishery would likely never achieve the extreme fishing mortality rates that it would take to drastically reduce the capacity of a population to withstand an increase in larval mortality (Fig. 6) . The cost of fishing would make profits drop to zero before such harvest rates could be reached. We expect that consideration of fishery profit rather than yield would increase the benefits of reserves to the fishery in our model, making reserve management and conventional fishery management quite similar in their potential benefits (as in Hastings and Botsford 1999) .
Generality of results across systems
Although we parameterized the models here for rockfishes, the biological elements included in these models are present in a wide variety of ecosystems. For many other organisms, climate change is causing shifts in climatic phenology that are changing the optimal timing of organismal phenology and creating mismatches, with demographic consequences for organisms that cannot shift their phenology to track climatic changes (Parmesan 2006; Durant et al. 2007 ). Even in cases where species respond to changes in climate phenology, mismatches can occur; for example, shifts in migration phenology of butterflies have caused mismatches because the flowering timings of their host plants have not changed (Visser and Both 2005) . In addition, offspring traits dependent on maternal age are found in a diverse array of animals; for example, intra-annual timing of birth in many birds (Møller et al. 2006) , mammals (Nussey et al. 2005) , and fishes (Wright and Trippel 2009) . The exacerbation of mismatches caused by age truncation is not exclusive to fishery harvest, as age truncation occurs in most game species as a result of hunting (Milner et al. 2007; Fenberg and Roy 2008) and in nongame species (e.g., birds, mammals, and arthropods) though habitat fragmentation and spread of diseases or parasites (Major et al. 1999; Jessup et al. 2004; McMeniman et al. 2009 ). Given the commonalities between these disparate taxa and those inhabiting the temperate upwelling system we focused on, our result that management through spatial refugia can mitigate climate-driven mismatches may be generalizable to many systems that share these physical and biological attributes.
